In mammals, leptin acts on leptin receptor (LepR) -expressing neurons in the brain to suppress food intake and stimulate whole-body metabolism. A similar action of leptin on food intake has been reported in the frog Xenopus laevis and in several bony fishes. However, the intracellular signaling and neural pathways by which leptin regulates energy balance have not been investigated outside of mammals. Using reporter assays and site-directed mutagenesis we show that the frog LepR signals via signal transducer and activator of transcription (STAT) 3 and STAT5 through evolutionarily conserved tyrosine residues in the LepR cytoplasmic domain. In situ hybridization histochemistry for LepR mRNA in brain and pituitary showed strong expression in the magno-and parvocellular divisions of the anterior preoptic area (homologous to the mammalian paraventricular nucleus), the suprachiasmatic nucleus, ventral hypothalamus, and pars intermedia and pars distalis of the anterior pituitary. Leptin injection increased phosphorylated STAT3 immunoreactivity in LepR mRNA-positive cells, and induced socs3 and pomc mRNAs. Microarray analysis of preoptic area/hypothalamus/pituitary 2 hours after leptin injection identified leptin-regulated genes that included c-fos, a known leptin-activated gene; pituitary follicle-stimulating hormone subunit ␤, suggesting an important role for leptin in the reproductive axis of frogs; and B-cell translocation factor 2, which has important functions in neurogenesis. Our findings support that the intracellular signaling pathways and neural substrates that mediate leptin actions on energy balance were present in the common ancestor of modern amphibians and amniotes and have been conserved over 350 million years of evolutionary time. (Endocrinology 155: 4202-4214, 2014) 
In mammals, leptin acts on leptin receptor (LepR) -expressing neurons in the brain to suppress food intake and stimulate whole-body metabolism. A similar action of leptin on food intake has been reported in the frog Xenopus laevis and in several bony fishes. However, the intracellular signaling and neural pathways by which leptin regulates energy balance have not been investigated outside of mammals. Using reporter assays and site-directed mutagenesis we show that the frog LepR signals via signal transducer and activator of transcription (STAT) 3 and STAT5 through evolutionarily conserved tyrosine residues in the LepR cytoplasmic domain. In situ hybridization histochemistry for LepR mRNA in brain and pituitary showed strong expression in the magno-and parvocellular divisions of the anterior preoptic area (homologous to the mammalian paraventricular nucleus), the suprachiasmatic nucleus, ventral hypothalamus, and pars intermedia and pars distalis of the anterior pituitary. Leptin injection increased phosphorylated STAT3 immunoreactivity in LepR mRNA-positive cells, and induced socs3 and pomc mRNAs. Microarray analysis of preoptic area/hypothalamus/pituitary 2 hours after leptin injection identified leptin-regulated genes that included c-fos, a known leptin-activated gene; pituitary follicle-stimulating hormone subunit ␤, suggesting an important role for leptin in the reproductive axis of frogs; and B-cell translocation factor 2, which has important functions in neurogenesis. Our findings support that the intracellular signaling pathways and neural substrates that mediate leptin actions on energy balance were present in the common ancestor of modern amphibians and amniotes and have been conserved over 350 million years of evolutionary time. (Endocrinology 155: 4202-4214, 2014) L eptin, the protein product of the obese (Lep) gene, is a type-I cytokine secreted by adipocytes in proportion to fat stores that functions as an adipostat by acting on the brain to limit food intake and stimulate metabolism (1) (2) (3) (4) . Recently, orthologs of mammalian Lep and leptin receptor (LepR) genes were isolated from nonmammalian species (5) . Vertebrate leptins display low primary amino acid sequence similarity; for example, leptin of the frog Xenopus laevis shares only 35% sequence similarity with human leptin (6) , and only 13% similarity with pufferfish leptin (5, 7) . However, there is evolutionary conservation in leptin secondary and tertiary structure among vertebrates, and key amino acids required for leptin biological activity are conserved among tetrapods (but not in fishes) (5) . Also, structural elements within the two cytokine receptor homology domains of vertebrate LepRs are highly conserved (5, 8, 9) . Homologous leptins suppress food intake in X. laevis (6) , and in trout and carp (10 -12) . However, dietary influences on circulating leptin con-centration and tissue leptin mRNA levels in fishes seem opposite to those observed in mammals (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) .
In mammals, leptin signals through the LepR via the Janus kinase/signal transducer and activator of transcription (JAK-STAT) pathway (23, 24) . Janus kinase 2 (JAK2) is recruited to the LepR, leading to phosphorylation of at least three evolutionarily conserved tyrosine residues located in the cytoplasmic domain (5, 25, 26) . In the mouse LepR, phosphorylation of these three tyrosine residues is required for activation of SH2-containing tyrosine phosphatase-2 (Y985), STAT5 (Y1077) and STAT3 (Y1138) signaling (26, 27) . Suppressor of cytokine signaling 3 (SOCS3), which is directly regulated by STAT3 signaling, binds to Y985 in the mouse LepR to mediate negative feedback on LepR function (25, 26, 28, 29) . Mice harboring a Y1138A mutation develop morbid obesity, supporting an important role for leptin-induced STAT3 signaling in food intake (26, 30) .
Leptin acts within the mammalian central nervous system (CNS) to suppress food intake and increase energy expenditure (3). Intracerebroventricular (icv) injection of recombinant X. laevis leptin (rxLeptin) suppressed food intake in juvenile frogs, suggesting that leptin action within the CNS to control food intake is conserved among tetrapods (6) . In rodents, the highest density of LepR-expressing cells is found within the basomedial hypothalamus (31) (32) (33) . Two populations of neurons in the arcuate nucleus that are primary targets of leptin action are the proopiomelanocortin (POMC)/cocaine and amphetamine-related transcript (CART) cells where leptin increases POMC (and CART) gene expression to generate the anorectic peptide alpha melanocyte-stimulating hormone (␣-MSH) (34 -36) ; and neuropeptide Y (NPY)/Agouti-related protein neurons, where leptin decreases expression of NPY and Agouti-related protein, two orexigenic peptides (34, 36 -38) . Leptin receptors are also found in extrahypothalamic sites including the midbrain and brainstem in mammals (35, 39) .
To our knowledge, there are no detailed studies of the intracellular signaling pathways engaged by the LepR in nonmammalian species (40 -42) . Using site-directed mutagenesis and cell transfection, we investigated structural features of the frog LepR required for JAK/STAT signaling. We also mapped LepR-expressing cells and investigated immediate early gene expression responses to rxLeptin injection in frog brain and pituitary by candidate gene analysis and DNA microarray. Our findings support that the signaling pathways engaged by the LepR and the neural pathways responsible for leptin actions on food intake and metabolism were present in the earliest landdwelling vertebrates and have been maintained by strong stabilizing selection.
Materials and Methods

Animal care and husbandry
We reared juvenile X. laevis frogs from in-house spawns and maintained them in 90L fiberglass holding tanks containing dechlorinated tap water at 23°C under a 12L:12D photoperiod. All procedures involving animals were conducted in accordance with the guidelines of the University Committee on the Care and Use of Animals of the University of Michigan.
Intracerebroventricular injection and food intake assay
We measured food intake by juvenile X. laevis after icv injection of rxLeptin produced in E. coli and purified as described (6, 43) . Newly metamorphosed juvenile frogs (0.5 Ϯ 0.1 g body weight [BW]) were anesthetized by immersion in 0.01% benzocaine (Sigma Chemical) and given icv injections into the region of the third ventricle using a Drummond microinjector. Frogs were injected with 0.6% saline (vehicle control) or 20 ng/g BW rxLeptin in a 50-nl injection volume and allowed to recover for 1 hour before food intake assay (6, 44) .
Cell transfection and reporter assays
We used transient transfection reporter assays in Cos-7 cells to investigate signaling by the frog LepR (6) . We subcloned the frog LepR cDNA (GenBank accession No. NP001037866) into the pCS2ϩ vector at the BamHI and XhoI sites to generate pCS2-xLepR and verified the construct by DNA sequencing. We conducted site-directed mutagenesis using the Quikchange SiteDirected Mutagenesis kit (Agilent Technologies) to convert evolutionarily conserved tyrosine residues in the cytoplasmic domain of the frog LepR to the small, nonpolar amino acids alanine or glycine. We generated single, double, and triple mutants (Supplemental Table 1 ). The mutation Y1127A in frog LepR corresponds to Y1138A in mouse LepRb, which abrogates STAT3 signaling in vitro and generates an obese phenotype in mutant mice (26, 28) . We also mutated tyrosines 1065 and 1066 in frog LepR either singly (Y1065G or Y1066A) or doubly (Y1065A ϩ Y1066A; double mutant). Position Y1066 in frog LepR corresponds to Y1077 in mouse, and is implicated in STAT5 signaling (27) . Mouse LepRb has a cysteine residue at 1076 (frog Y1065) (5); like frog, human LepRb has a tyrosine doublet at the homologous position (frog LepR 1065 and 1066, human LepRb 1078, and 1079) (5). We used wild-type receptor (pCS2-xLepR) as the target for generating single (pCS2-xLepR Y1065G , pCS2-xLepR Y1066A , or pCS2-xLepR Y1127A ) and double mutants (pCS2-xLepR Y1065A, Y1066A ). We used pCS2-xLepR Y1127A as target for generating the triple mutant (pCS2-xLepR Y1065A, Y1066A, Y1127A ).
We transfected Cos-7 cells using Fugene 6 transfection reagent (Roche Biosciences). Cells were plated in growth medium (DMEM plus 10% fetal bovine serum) in 24 well (30 000 cells/well) or 96 well plates (4800 cells/well) and grown to approximately 80% confluency before transfection. We cotransfected cells with LepR expression vector (frog or mouse LepR, or empty pCS2ϩ vector; 200 ng/well for 24 wells, 32 ng/well for 96 wells), the STAT3-responsive firefly luciferase reporter construct GAS-luciferase (45) or the STAT5-responsive firefly luciferase reporter construct Spi2.1-Luc (27) (100 ng/well for 24 wells, 16 ng/well for 96 wells). Cells were cotransfected with promoter-less pRenilla lu-ciferase vector (Promega; 2 ng/well for 24 well, 0.32 ng/well for 96 well; Dual Luciferase Assay, Promega). Twenty-four hours after transfection we changed the medium to serum free and incubated cells overnight before rxLeptin treatment in serum free medium. Based on time course analysis (Supplemental Figure 1 ) we selected 6 hours for all subsequent experiments. Leptin activation of STAT3 signaling by wild type and mutant frog LepRs was tested in seven independent experiments (three for STAT5; 3-6 wells/treatment/experiment; three preparations of expression plasmids were used in different experiments). Representative data from individual experiments are shown in the figures.
In situ hybridization histochemistry for LepR mRNA
We isolated a partial X. laevis LepR cDNA corresponding to the cytoplasmic domain (509 bp, encompassing exons 25 and 26) by PCR using primers based on the X. tropicalis LepR (Fwd: 5Ј TGG TAT ACA GCA GCA TCT GCC 3Ј; Rev: 5Ј ACC TGT GGC ATG TAA CAC AAG AAG G 3Ј). We subcloned the LepR cDNA fragment into pGEM T-easy (Promega) to generate pGEMT-xLepR (25) (26) and confirmed it by DNA sequencing. We linearized the plasmid using XhoI for sense and BamH1 for antisense digoxigenin (DIG)-labeled for riboprobe synthesis (Roche).
Newly metamorphosed juvenile X. laevis frogs were killed by submersion in 0.1% benzocaine and brains removed and fixed in 4% paraformaldehyde overnight at 4°C. Tissues were processed and 10 m thick coronal cryosections prepared as described (46) . Sections were hybridized with 100 -250 ng DIG-labeled riboprobe and cRNA-mRNA hybrids detected with anti-DIG-alkaline phosphatase (1:500; Fab fragments, Roche) and nitro-blue tetrazolium chloride/5-bromo-4-chloro-3Ј-indolyphosphate p-toluidine salt substrate (1:50; Sigma). We analyzed sections using an Olympus IX81 inverted microscope and captured images with a Retiga 1300R fast digital video camera. We uniformly adjusted brightness, contrast, and evenness of illumination for all images shown in the figures using Photoshop (Adobe). To produce a map of LepR mRNA in frog brain we used the anatomical definitions of Tuinhof and colleagues (47) ( Table 1) .
Immunohistochemistry
We administered icv injections of rxLeptin (20 ng/g BW) or vehicle (0.6% saline) to juvenile frogs (ϳ0.5 g BW), killed them 1 hour later, and collected and processed brains for immunohistochemistry (IHC) as described (48) . We incubated sections with rabbit anti-phospho-STAT3 (Tyr705) serum (1:200; Cell Signaling No. 9131) overnight at 4 C. The antiserum was generated against a phosphopeptide AP[pY]LK from mouse STAT3, which is 100% conserved with X. laevis STAT3 (49) . We used the Vectastain Elite ABC (rabbit) and Vector VIP kits (Vector Labs) to reveal primary immune complexes.
We investigated colocalization of corticotropin-releasing factor (CRF) with rxLeptin-induced phosphorylated STAT3 (pSTAT3) in juvenile frog brain by double fluorescence IHC and confocal microscopy. The leptin-dependent appearance of phosphorylated STAT3 immunoreactivity (pSTAT3-ir) 1 hour after rxLeptin injection was used as a proxy for the presence of functional LepR. To improve visualization of CRF neurons, juvenile X. laevis frogs were subjected to 4 hours shaking stressor (50, 51) . One hour before animals were killed (3 h after intiation of the stressor), we administered sc injections of rxLeptin (1 g/g BW) or vehicle (0.6% saline). We prepared 10-m thick transverse cryosections of frog brain and stained them sequentially for CRF (affinity-purified rabbit anti-xCRF IgG;1:20) (52) and pSTAT3 (mouse monoclonal anti-pSTAT3 antibody, 1:100; mAb 9138S; Cell Signaling). We detected CRF immunoreactivity (CRF-ir) with goat antirabbit fluorescein secondary antibody (1:150; Molecular Probes) and pSTAT3-ir with goat antimouse Cy3 secondary antibody (1:150; Molecular Probes). Stained, optical sections (1 m thick) were captured using a Leica TCS SP5 confocal microscope at 63ϫ magnification.
To determine whether acute leptin injection can influence CRF-ir in frog brain we administered rxLeptin sc (1 g/g BW; 12 g average BW) or 0.6% saline vehicle via the dorsal lymph sac to juvenile X. laevis frogs and collected brains 5 hours later. We processed brains for quantitative CRF IHC following our previously published methods (48, 51, 52) .
Candidate gene expression analysis after icv rxLeptin injection
We administered icv injections of rxLeptin (20 ng/g BW) or 0.6% saline to juvenile frogs (ϳ0.8 g BW), then at 1 or 2 hours after injection we dissected the preoptic area/hypothalamus (with pituitary gland). We first cut the brain in the coronal plane, then made a transverse cut to separate the dorsal part (containing the optic tectum and thalamus, and a portion of the telencephalon) from the ventral part (containing the pre- optic area/hypothalamus/pituitary). We isolated total RNA using Trizol reagent (Invitrogen) and conducted RT-qPCR. All primer sets were designed to span one exon-exon boundary (Supplemental Table 1 ). We prepared cDNA with 1 g total RNA and 250 ng random hexamers using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems).
Quantitative PCR was conducted using ABsolute Blue qPCR SYBR Green Low Rox Mix or ABsolute Blue qPCR Taqman Low Rox Mix (ABgene). Relative quantities were determined using standard curves generated from pooled cDNAs. Gene expression was normalized to the reference gene rpL8 (53), which was unaffected by hormone treatment (data not shown).
Figure 1.
Leptin suppresses food intake in juvenile frogs, and the frog LepR activates the JAK-STAT3 and JAK-STAT5 pathways. A, Newly metamorphosed juvenile frogs (X. laevis 0.5 Ϯ 0.1 g BW) were given icv injections of saline or rxLeptin (20 ng/g BW) in a 50-nl injection volume) and food intake was assayed 1 h later as described (6, 44) (n ϭ 5/treatment). B, Recombinant frog leptin activates STAT3 and STAT5 signaling by the frog (X. tropicalis) and mouse LepR. Cos-7 cells were cotransfected with the frog (pCS2-xLepR) or mouse (pcDNA3.1-mLepRb) LepR expression vectors plus the STAT3 reporter GAS-luciferase or the STAT5 reporter Spi2.1-Luc; all cells also received pRenilla. Cells were treated with rxLeptin (30nM) for 6 h before harvest for Dual Luciferase Assay (n ϭ 3-6 wells/treatment; asterisks indicate P Ͻ .0001; Student two-sample t test). C, Dose-dependent activation of STAT3 signaling by the frog LepR. Cos-7 cells were cotransfected with pCS2-xLepR, GAS-luciferase, and pRenilla then treated for 6 h with rxLeptin at the doses indicated. D, Dose-dependent activation of STAT5 signaling by the frog LepR. Cos-7 cells were cotransfected with pCS2-xLepR, Spi2.1-Luc, and pRenilla then treated for 6 h with rxLeptin at the doses indicated. E, Amino acid alignment of the cytoplasmic domains of mouse and frog (X. tropicalis) LepRs. Dark shading indicates conserved amino acids, gray shading indicates conservative substitutions. Large arrows indicate tyrosine residues conserved between mouse and frog LepRs (the numbers indicate the amino acid positions in the full-length frog LepR, numbers in parentheses, the full-length mouse LepRb). Stars indicate tyrosines that we mutated in the frog LepR (see Figure 2 and Supplemental Figure 3 ). For C and D, representative data are shown from cell transfection experiments (n ϭ 6 wells/treatment), which were repeated three to seven times. Bars represent the mean Ϯ SEM. Asterisks indicate significant differences from controls (P Ͻ .05 Student's two-sample t test); # indicates the minimum ED (P Ͻ .05 ANOVA). 
DNA microarray analysis of gene expression after icv rxLeptin injection
We conducted DNA microarray analysis on total RNA isolated from the preoptic area/hypothalamus (including pituitary gland) of juvenile frogs (ϳ0.8 g BW) 2 hours after icv rxLeptin (20 ng/g BW) or saline injection. We isolated total RNA from six animals per treatment, then a portion of each of two replicates was pooled to generate three replicate pools per treatment. Samples were hybridized to the Affymetrix GeneChip Xenopus laevis Genome 2.0 Array (n ϭ 3/treatment) at the Affymetrix and Microarray Core Facility at the University of Michigan. Probesets with a variance over all samples less than 0.03 were filtered out, and probesets with a fold change of at least 1.5 and anunadjustedPՅ0.05wereselectedforanalysis.Weconductedinitial annotation using data from Affymetrix (na31). We also manually cross-referenced genes to UniGene, GenBank, UniProt, and X. laevis sequences aligned to the X. tropicalis genome (v. 4.1) and downloaded target sequences from the Affymetrix Web site by searching the ProbeSetID. These sequences were then BLASTed against the X. tropicalis and the X. laevis nucleotide databases.
For RT-qPCR validation of microarray data we analyzed both the pooled RNA samples that were submitted for microarray (three replicate pools), and the six individual replicates that were used to generate the replicate pools described above. We also conducted a separate experimentinwhichjuvenilefrogsweregivenicvinjectionofrxLeptin(20 ng/g BW) or 0.6% saline, killed 2 hours later, and the preoptic area/ hypothalamus (with pituitary) isolated (n ϭ 6/treatment). All RTqPCR gene expression data were normalized to rpL8.
Data analysis and statistics
Derived values (ie, ratios) were Log 10 transformed before statistical analysis. Data were analyzed by Student's two-sample t test, or by one-way ANOVA with pairwise comparisons by Fisher's least squares differences (␣ ϭ 0.05) test using the computer program SYSTAT 13 (SPSS). Dose-response data were analyzed by linear regression using SigmaPlot v. 11.0 (SigmaPlot).
Results
Leptin suppresses food intake and activates JAK-STAT signaling by the frog LepR
Intracerbroventricular injection of rxLeptin (20 ng/g BW) suppressed food intake in juvenile frogs compared with saline injection ( Figure 1A ; P ϭ .0002; Student two-sample t test).
We tested the ability of the frog LepR to signal via STAT3 and STAT5 using transient transfection reporter assays in Cos-7 cells. Treatment with rxLeptin (30nM) for 6 hours increased luciferase activity for both STAT3 and STAT5 reporters in cells transfected with the frog or mouse LepR ( Figure 1B ; P Ͻ .05; Student's two-sample t test; there was no response to leptin in empty pCS2ϩ vector-transfected cells [data not shown]; time course analysis Supplemental Figure 1 ). Leptin-induced STAT3 activity in Cos-7 cells was partially blocked by coincubation with two mutant forms of frog leptin (leptin 'muteins') that function as competitive antagonists of the LepR (see Supplemental Materials and Methods; Supplemental Figure 2 ).
Leptin induction of STAT3 transactivity by the frog LepR was dose dependent ( Figure 1C ; R 2 ϭ 0.971, P ϭ .0083 ANOVA). The minimum effective dose (ED) for the wild-type frog LepR was between 0.3-1nM (see Figure 1C and Figure 2 ). Mutation of the evolutionarily conserved Figure 2 . Mutation of three evolutionarily conserved tyrosine residues in the cytoplasmic domain of the frog LepR alters STAT3 signaling. The indicated tyrosine residues in the frog LepR were mutated to alanine or glycine by site-directed mutagenesis, and expression plasmids for the wild type or mutant LepRs were cotransfected into Cos-7 cells with GAS-luciferase and pRenilla. Cells were treated with the indicated doses of rxLeptin for 6 h before harvest for Dual Luciferase Assay. Residue 1127 corresponds to 1138, and residue 1066 corresponds to 1077 in the mouse LepRb. Residue 1065 is not present in mouse but is found in human and other vertebrate LepRs. Shown is a representative experiment with n ϭ 6 wells per treatment, and the experiment was repeated seven times. Bars represent the mean Ϯ SEM. Data were Log 10 transformed before analysis by one-way ANOVA. Means with the same letter are not significantly different (P Ͻ .05; Fisher's least squares differences post hoc test).
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tyrosine at position 1127 (position 1138 in mouse; Figure  1E ) reduced but did not eliminate leptin-dependent STAT3 transactivity (Figure 2) . Mutations Y1065A or Y1066A, or the double mutant Y1065GϩY1066A showed reduced dose sensitivity to rxLeptin (Figure 2 ; minimum ED 1nM vs 0.3nM for wild type) and decreased maximal STAT3 transactivation response (fold change; see Supplemental Figure 3 ) at the highest dose (3nM) tested in this experiment. By contrast, STAT3 transactivity of the triple mutant (Y1065Gϩ Y1066AϩY1127A) was eliminated.
Compared with STAT3, leptin induction of STAT5 transactivity by the frog LepR was less marked, not dose dependent, and variable among experiments. The minimum ED varied from 3-10nM between experiments (Figure 1D, Supplemental Figure 4 ). Although the means were higher, there was no statistically significant STAT5 response to rxLeptin in the Y1127A or Y1065G single mutants; whereas, the single mutant Y1066A and the double mutant Y1065GϩY1066A showed a statistically significant STAT5 response (Supplemental Figures 4 and 5) . As for STAT3, STAT5 transactivity was eliminated in the triple mutant.
Distribution of LepR mRNA in frog brain and pituitary
We analyzed the distribution of LepR mRNA in frog brain and pituitary by in situ hybridization histochemistry (ISHH) (Figure 3 ). Alternating sections hybridized with antisense probe showed strong signal in the same neuroanatomical regions, which was not seen with sense probe (data not shown). Well-organized groups of cells were found in regions of the diencephalon and pituitary gland; we did not detect signal in the telencephalon, mesencephalon, rhombencephalon, or rostral spinal cord. There was strong LepR mRNA signal in cell bodies throughout the extent of the anterior preoptic area (POa) rostral to caudal, in both magnocellular and parvocellular divisions (Figure 3 , A and B) and also in the suprachiasmatic nucleus ( Figure 3C ). We detected strong signal throughout the extent of the ventral hypothalamus (Figure 3 , C-E) and in the pars intermedia and pars distalis of the anterior pituitary gland ( Figure 3F ).
Leptin induces STAT3 phosphorylation in Xenopus brain and pituitary, and STAT3-ir and CRF-ir colocalize in the POa
Immunohistochemistry for pSTAT3 1 hour after icv rxLeptin injection showed distinct pSTAT3-ir nuclei in brain and pituitary, which was not detected in saline-injected controls (Figure 4A) . Leptin-induced pSTAT3-ir was seen in parvocellular and magnocellular divisions of the POa, the suprachiasmatic nucleus, throughout the extent of the ventral hypothalamus, and in the pars intermedia and pars distalis of the anterior pituitary ( Figure 4, A and B) . Double-labeling IHC analyzed by confocal microscopy showed that pSTAT3-ir (rxLeptin-induced) colocalized with CRF-ir in the parvocellular and magnocellular divisions of the POa ( Figure 5A ). The percentage of pSTAT3-ir cells that displayed CRF-ir was 41% (n ϭ 3). Intracerebroventricular injection of rxLeptin (20 ng/g BW) caused approximately 25% decrease in CRF-ir in the parvocellular division (Student t test: t ϭ 4.529, P ϭ .012), but there was no change in the magnocellular division of the POa ( Figure 5B ; measured 5 h after icv rxLeptin injection).
Leptin induces STAT3 target genes in frog brain in vivo
Intracerebroventricular injection of rxLeptin (20 ng/g BW) increased socs3 and pomc mRNAs measured by RTqPCR in the frog preoptic area/hypothalamus/pituitary (Figure 6 ). There were statistically significant increases in socs3 mRNA at 1 hour (P ϭ .014; 1.9-fold) and 2 hours (P Ͻ .0001; 4.4-fold) after rxLeptin administration. For pomc mRNA there was a statistically significant increase only at the 2 hour time point after rxLeptin injection (P ϭ .001; 5.4-fold). We also analyzed npy and crfb mRNAs and saw a significant increase in npy mRNA at 1 hour after rxLeptin injection (3-fold increase; P ϭ .002, two-sample Student t test) but no difference from saline-injected controls at 2 hours ( Figure 6 ). Acute rxLeptin injection did not alter crfb mRNA levels at any time analyzed (Figure 6 ).
Early transcriptional response to leptin in frog brain and pituitary analyzed by DNA microarray
DNA microarray analysis of the juvenile frog preoptic area/hypothalamus/pituitary conducted 2 hours after icv saline or rxLeptin injection identified 138 genes as differentially expressed; 58 up-regulated and 80 down-regulated. The socs3 and c-fos genes (54) were among those identified as up-regulated in the microarray, suggesting that the analysis could provide an accurate measure of early leptin-regulated genes. We attempted to validate the microarray results by selecting 12 genes for targeted RTqPCR analysis, six up-regulated and six down-regulated. Of these we were able to validate six as being differentially regulated ( Figure 7) ; four up-regulated genes: socs3, c-fos, follicle stimulating hormone beta (fsh␤) and B cell translocation factor 2 (btg-2); and two down-regulated genes: death-associated protein-like 1a (dapl-1a) and proteasomal subunit 8 (psmb8). Genes that were not confirmed by RT-qPCR as differentially regulated were, up-regulated: nuclear receptor subfamily 4, group A, member 1 (nr4a1), clathrin, light polypeptide (cltb); down-regulated: matrix metallopeptidase 9 (mmp9), secretory calciumbinding phosphoprotein acidic 2 (LOC100271753), arrestin, beta 1 (arrb1) and keratin 13 (krt13). Because only half the genes we tested could be validated we did not conduct gene ontology analysis. The microarray dataset has been deposited in the Gene Expression Omnibus ar- Figure 3E ). Shown are representative micrographs (n ϭ 5 brains per treatment were processed and analyzed). See Table 1 for a complete description of abbreviations. The scale bars in bottom right image equal 50 m and apply to all photomicrographs in the panels.
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Discussion
Relatively little is known about the evolutionary origins and diversity of functions of leptin outside of mammals. The presence of Lep and LepR genes in teleost fishes and tetrapods supports that the genes were present in the common ancestor of the actinopterygian and sarcopterygian lineages (5), but the functions of leptin in nonmammalian vertebrates, and the origin of leptin's role as an indicator of energy balance are poorly understood. Here we provide evidence that the intracellular signaling pathways engaged by the LepR and the neural substrates for leptin action in the hypothalamic feeding control circuit were present in the earliest land-dwelling vertebrates, which supports that leptin's function in energy balance is an ancient feature in tetrapods. We report for the first time the location of LepR-expressing cells in the brain and pituitary of a nonmammalian tetrapod, and show that the distribution of the major groups of functional LepR-expressing cells in frog brain is conserved with mammals. Also, we show that activation of leptin signaling in frog brain causes rapid changes in gene transcription, and that regulation of some genes (eg, socs3, pomc, and c-fos) is evolutionary conserved between amphibians and mammals.
Signaling by the frog LepR
Activation of JAK-STAT3 and JAK-STAT5 pathways are important for LepRb signaling in mammals (24) . We found that the fulllength frog LepR also signals via STAT3 and STAT5, and that this depends on evolutionarily conserved tyrosine residues located in its cytoplasmic domain. There is a membrane-proximal stretch of approximately 60 amino acids of the cytoplasmic domain of frog LepR that is highly conserved with mouse LepRb (5); JAK2 associates here in mouse LepRb and phosphorylates tyrosine residues within the cytoplasmic domain of the receptor (23, 55) . Three intracellular tyrosines are conserved among all known vertebrate LepRs ( Figure 1E ) (5) and studies of mouse LepRb have assigned functions to these: phosphorylated Y985 serves as a binding site for SH2-containing tyrosine phosphatase-2 (SHP2) and SOCS3; Y1077 functions primarily in STAT5, and Y1138 in STAT3 signaling (27) (28) (29) .
Mutation of three tyrosine residues in the cytoplasmic domain of the frog LepR alone or in combination, abrogated or eliminated, respectively, STAT3 and STAT5 signaling. Similar to mouse LepRb, there seems to be overlap and cooperativity among these sites in the frog LepR rather than a one-to-one dependence for a specific tyrosine residue for STAT3 or STAT5 signaling. For example, mutation of Y1127 in frog LepR reduced but did not eliminate leptin-induced STAT3 signaling. The homologous residues in mouse (Y1138) or human (Y1141) LepRb are similarly involved with STAT3 activation; mutation of these residues abrogates but does not always eliminate STAT3 signaling (28, 56 -59) . Mutation of Y1066 in frog LepR (which, in mouse LepRb the homologous residue Y1077 plays a dominant role in STAT5 signaling) (27) decreased leptin dose sensitivity for STAT3 signaling. The Figure 5 . CRF and leptin-induced pSTAT3 colocalize, and leptin modulates CRF-ir in the frog anterior preoptic area. A, Juvenile X. laevis frogs were subjected to shaking stressor for 5 h to increase CRF-ir. One hour before frogs were killed they were given sc injections of rxLeptin (1 g/g BW) via the dorsal lymph sac to increase pSTAT3-ir. Brains were processed for doublelabeling immunofluorescent histochemistry and analyzed by confocal microscopy. Arrows point to cells that are double labeled for CRF and pSTAT3. Brains from three frogs were analyzed, and 41% of pSTAT3-ir cells were also positive for CRF-ir. B, Juvenile X. laevis frogs were given sc injections of rxLeptin (1 g/g BW) via the dorsal lymph sac and 5 h later were killed and brains collected for quantitative CRF immunohistochemistry using a chromogenic substrate. Bars represent the mean Ϯ SEM. The asterisk indicates a statistically significant difference from vehicle-injected controls (P Ͻ .012; Student's unpaired t test; n ϭ 5/treatment).
Y1077A mutant of mouse LepRb also exhibited reduced STAT3 signaling (27, 60) . In frog LepR there is an additional tyrosine at position 1065, which is absent in mouse, but is present in human and fish LepRs (5). Mutation of Y1065 in frog LepR reduced STAT3 signaling similar to the Y1066A mutant, suggesting that these residues have overlapping function, but only one is required for activating STAT3. However, surprisingly, the double Y1065A/ Y1066A mutant exhibited similar or increased STAT3 signaling to that of the wild-type receptor. Thus, although this tyrosine doublet functions in STAT3 signaling, it may exert a suppressive action on STAT3 signaling via Y1127. By contrast, STAT3 signaling by the triple mutant was eliminated. Taken together, our findings support the involvement of all three tyrosines in STAT3 signaling by the frog LepR, but Y1127 is the principal residue, and residues Y1065/Y1066 have lesser and more complex roles in STAT3 activation.
In the mouse LepR residue Y1077 (Y1066 in frog) plays a dominant role in STAT5 signaling, and Y1138 has a secondary role (27) . We were surprised to find that mutation of Y1066 had no effect on STAT5 activation by the frog LepR. However, mutation of the adjacent residue Y1065 reduced the STAT5 response. Surprisingly, the double Y1065Aϩ Y1066A mutant retained responsiveness. By contrast, STAT5 activation by the frog LepR was eliminated in the Y1127A mutant and in the triple mutant. Our findings support that tyrosine residues at positions 1127 and 1065/1066 of the frog LepR each participate in STAT5 signaling (see also references 27,61 for mouse), but Y1127 seems to be the principal residue required for both STAT3 and STAT5 signaling.
LepR expression in frog brain and pituitary supports an ancient origin for neural pathways that mediate leptin actions in vertebrates
Leptin acts on complex neural circuitry in mammals to regulate food intake and energy metabolism (35, (62) (63) (64) , but it is not known whether leptin acts on homologous neural pathways in nonmammalian tetrapods. Using ISHH for LepR mRNA we found that the neuroanatomical pattern of LepR expressing cells in frog brain is largely conserved with mammals. Furthermore, using leptin-induced pSTAT3-ir we show that cells positive for LepR mRNA make functional receptors. In mouse brain, pSTAT3-ir after leptin injection is seen only in LepR-expressing cells (33) . We detected major LepR expression in both the parvocellular and magnocellular divisions of the POa and in the suprachiasmatic nucleus. The frog POa is homologous to the mammalian paraventricular nucleus (and supraoptic nucleus); LepR is expressed in the paraventricular and suprachiasmatic nuclei of mammals, although it was variable and lower than other regions of the hypothalamus such as the arcuate nucleus, lateral hypothalamic area, and dorsomedial hypothalamic nucleus (63) . We saw strong expression in regions of the frog ventral hypothalamus, an area homologous to the mammalian arcuate nucleus and dorsomedial We first cut the brain in the coronal plane then made a transverse cut to separate the dorsal part (containing the optic tectum and thalamus, and a portion of the telencephalon) from the ventral part (containing the preoptic area/hypothalamus/pituitary). We extracted RNA from the ventral section. The anatomical drawing is from Tuinhof et al (47) . B, Juvenile frogs were given icv injections of vehicle (0.6% saline) or rxLeptin (20 ng/g BW) and killed 1 or 2 h later for analysis of socs3, pomc, npy, and crfb mRNAs by RTqPCR. Gene expression was normalized to the mRNA of the ribosomal protein gene rpL8, which was not affected by hormone treatment (data not shown). Bars represent the mean Ϯ SEM. Asterisks indicate statistically significant differences from vehicle-injected controls (*, P Ͻ .05; **, P Ͻ .002; Student's two-sample t test; n ϭ 6/treatment).
hypothalamic nucleus (52, 63) . We did not detect LepR mRNA or leptin-induced pSTAT3-ir in regions of the frog brain outside of the POa or hypothalamus (see references 64 -66 for extrahypothalamic LepR expression in mammals and fish), but more study is needed to rule out expression in other brain areas in amphibians.
Corticotropin-releasing factor plays a central role in feeding control in mammals and in frogs (43, 67, 68) , and the strong LepR signals in the frog POa where CRF neurons are found (52) prompted us to investigate whether the LepR colocalizes with CRF. Using double immunofluorescence histochemistry combined with confocal microscopy, we found that pSTAT3 and CRF-ir colocalized in the frog POa. There was no effect of acute rxLeptin injection on crf mRNA in frog brain, but we saw a decrease in CRF-ir in the parvocellular POa, which supports that leptin can influence the physiology of these cells.
The pituitary is a target for leptin signaling in mammals, and recent studies have shown that LepR is required for somatotrope development and function (69 -71) . We saw strong LepR mRNA signal and pSTAT3-ir in the frog anterior pituitary in both the pars intermedia and pars distalis. The frog pars intermedia contains only melanotropes that express pomc (47, 72) , and leptin acting within the pars intermedia might induce pomc expression, which could lead to an increase in circulating ␣-MSH and therefore skin darkening.
Identification of leptinregulated genes in frog brain and pituitary
Using a candidate gene approach we found that acute leptin injection increased socs3 and pomc mRNAs in frog brain (and possibly also pituitary), two known leptin-induced, direct STAT3 target genes in mammals (25, 26, 28, 29, 73, 74) . SOCS3 functions in negative feedback on the LepR (26), and POMC, through generation of ␣-MSH, is a primary anorectic factor within the hypothalamic feeding control circuit (64, 75) . Thus, our results suggest that key genes in the leptin-signaling pathway were under the control of the LepR in the earliest land-dwelling vertebrates. However, whereas leptin is generally inhibitory to agrp/npy neurons and suppresses npy gene expression in mammals (34, 36 -38) , we saw a transient increase in npy mRNA in frog (only at 1 h, not at 2 h after rxLeptin injection). Most mammalian studies have looked at npy mRNA after multiple leptin injections over prolonged time periods (eg, see references 34, 37 ,76) so it is possible that this explains the differences. Or there may be species differences in how leptin regulates npy gene expression, which will require further study.
In mammals, leptin-regulated genes have been identified by DNA microarray at 12 hours (77, 78) in fasted vs ad lib-fed mice, but to our knowledge no studies have examined the global transcriptome response at earlier time points, which is more likely to represent direct targets of LepR-activated transcriptional pathways such as STAT3 and STAT5. Using DNA microarray analysis we identified a set of early (2 h after rxLeptin injection) leptin-regulated genes in frog brain and pituitary. We found socs3 and c-fos to be among the top 25 leptin-induced genes in frog brain/ pituitary, which provides some validation for our method, given that both are known to be activated by STAT3 (25, 26, 28, 29, 54, 73, 74) . However, we confirmed regulation for only half of the twelve genes tested, which suggests that some genes represent false positives, or might reflect limitations with the X. laevis genome annotation (both for the DNA chips and for the RTqPCR assays that we designed).
Of the genes that we validated, Fshb was most strongly induced, suggesting that, similar to mammals, leptin plays a pivotal role in controlling reproduction in frogs. Leptin influences the onset of puberty in mammals where it acts on the brain to increase GnRH pulse frequency (79) . However, to our knowledge, a rapid transcriptional response of pituitary fshb to leptin action has not previously been demonstrated in any species. Whether this action of leptin is direct on the pituitary or mediated by hypothalamic stimulation must be determined. Other up-regulateed genes that we validated are c-fos and B cell translocation factor 2 (btg-2); two down-regulated genes were deathassociated protein-like 1a (dapl-1a) and proteasomal subunit 8 (psmb8). The btg-2 gene is the founding member of the BTG/Tob family of proteins, first discovered to be rapidly induced by nerve growth factor in rat PC12 cells (80) . BTG-2 regulates gene transcription through proteinprotein interactions with transcription factors, and interacts with soluble kinases such as the extracellular signalregulated kinase Erk1/2 (also activated by LepR signaling (26, 80) . BTG-2 plays a key role in neurogenesis, functioning in asymmetric division of neural progenitor cells (81) . Leptin regulation of btg-2 may be important for leptin-dependent differentiation of LepR-expressing neurons that function within the feeding control circuit (82).
We could not find literature on the function of DAPL-1a, although different gene and protein databases suggest that it may participate in cell differentiation and apoptosis. Leptin down-regulation of this gene might play a role in the neuroprotective actions of leptin (83, 84) . Proteasomal subunit 8 encodes a beta subunit (␤5i) of the 20S immunoproteasome, which is an inducible form of the 20S proteasome (85). We do not know the significance of leptin down-regulation of this gene, but it may suggest that leptin action leads to stabilization of intracellular proteins through down-regulation of inducible proteasomal activity.
Leptin's role in energy balance in nonmammalian vertebrates
Leptin functions as an adipostat in mammals, its serum concentration varying in proportion to fat stores, and it acts on the brain to regulate food intake and whole-body metabolism. We show that leptin suppresses feeding and acts through evolutionarily conserved neural and intracellular signaling pathways in frogs. Also, dietary restriction decreased leptin mRNA in fat pads and liver of Xenopus tadpoles (M.C. and R.J.D., unpublished data). In mammals, circulating leptin and Lep mRNA decrease in response to food restriction. By contrast, although some fish species respond to leptin by decreasing food intake (but others do not respond) (10 -12, 86) , plasma leptin and tissue mRNA either increase, decrease, or do not change during fasting in fish (most reports found an increase) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) , and there is no relationship between plasma leptin and condition factor in rainbow trout (13) . Thus, while leptin may be linked to the control of energy balance in fishes, it may not function as an adiposity signal, a function that may have evolved in tetrapods.
